Abstract Previously, we reported that insulin-like growth factor (IGF)-I during early pregnancy is positively associated with maternal risk of breast cancer. To further explore this association, we designed a new study limited to women who donated a blood sample during their first pregnancy ending with childbirth. A case-control study was nested within the Northern Sweden Maternity Cohort in which repository since 1975, serum specimens remaining after early pregnancy screening for infectious diseases had been preserved. Study subjects were selected among women who donated a blood sample during the full-term pregnancy that led to the birth of their first child. Two hundred and forty-four women with invasive breast cancer were eligible. Two controls, matching the index case for age and date at blood donation were selected (n = 453). IGF-I was measured in serum samples on an Immulite 2000 analyzer. Conditional logistic regression was used to estimate odds ratios and 95% confidence intervals. A significant positive association of breast cancer with IGF-I was observed, with OR of 1.73 (95% CI: 1.14-2.63) for the top tertile, P \ 0.009. Subgroup analyses did not indicate statistical heterogeneity of the association by ages at sampling and diagnosis or by lag time to cancer diagnosis, although somewhat stronger associations with risk were observed in women Bage 25 at index pregnancy and for cases diagnosed within 15 years of blood donation. The results of the study add further evidence for an adverse effect of elevated IGF-I concentrations during early reproductive life on risk of breast cancer.
Introduction
Previously, we reported the results of a case-control study, nested within the Northern Sweden Maternity Cohort (NSMC), in which insulin-like growth factor (IGF)-I concentrations measured mostly during the first trimester of pregnancy were related to risk of breast cancer [1] . Consistent with observations in nonpregnant women [2, 3] , a direct association of moderate strength of breast cancer with IGF-I was observed. Subgroup analyses showed that the association was substantially stronger in women who donated blood during their first pregnancy (primiparous) and that the effect of IGF-I may be stronger at younger age at index pregnancy, but the sample size was small with equal number of primi-and multiparous women, precluding meaningful separation of the effects of parity and age at blood donation [1] .
To further explore the role of IGF-I during early reproductive life on risk of breast cancer, particularly in women whose breasts have not yet completed a differentiation cycle associated with a pregnancy carried out to term and to examine the effect of maternal age on this association, we designed a new study limited to women who donated a blood sample during their first pregnancy ending with a live-or still-birth. Building on the experience acquired during our preliminary study, we were able to increase the efficiency of the new study by applying more stringent eligibility and matching criteria.
Materials and methods

Study population
The NSMC, based at the University Hospital in Umeå (Sweden), was established in 1975 with the purpose of preserving for research purposes serum samples from pregnant women tested for systemic infections. The NSMC participants are residents of one of the four northernmost counties of Sweden (total population 800,000) who have attended a maternity health care clinic in the region during pregnancy. Blood samples are drawn mostly during the final weeks of the first trimester of pregnancy (weeks [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and are periodically shipped frozen to a central repository at Umeå University Hospital, where they are analyzed for systemic infections and stored at -20°C. The NSMC contains over 110,000 first-trimester serum samples from approximately 83,000 women.
We designed a nested case-control study limited to women who provided a blood sample during a singleton full-term pregnancy (FTP, C37 weeks), which led to the birth of their first live-or still-born child (primiparous women). Those whose blood had been drawn after day 120 of pregnancy, were at the age of 40 or older at the time of blood donation, had used hormonal medications to become pregnant or during pregnancy, or had previously been diagnosed with any cancer (except nonmelanoma skin cancer) were also excluded. Further, women whose samples were drawn after January 1, 1988 were considered ineligible for the study as at that time the protocol for sample treatment was changed, which compromised hormonal measurements in those specimens as reported previously [4] .
Potential cases were women diagnosed for the first time with invasive epithelial breast cancer at least 1 year after their entry into the cohort and up to June 08, 2007. The cases were identified through record linkages with the Swedish Cancer Registry using the unique 10-digit personal identification number assigned to every person born or legally resident in Sweden. The registration of newly detected cancers in Sweden is based on compulsory reports from all physicians in public or private hospitals, and the completeness of cancer registration is considered close to 100%.
Because on file information in the NSMC is limited to personal identity number, names, consecutive serial number of sampling, and place of sampling, identification of eligible cases and controls required a multi-step approach, including linkages with the Swedish Birth Registry and retrieval of medical records of a pool of eligible subjects. The Swedish Birth Registry is based on data from standardized medical records used in all Swedish maternal care and delivery units since 1973, and more than 99% of all births in Sweden are registered [5] . In general, the quality of the information is considered high, although individual variables have variable completeness, as procedures to collect information have changed over the years.
At the beginning of the study a limited linkage with the Swedish Birth Registry was carried out, and information on maternal parity, dates of deliveries and gestational age at birth for all singleton births was retrieved. The initial study file was limited to women who donated a blood sample during the singleton pregnancy, which led to the birth of their first live-or still-born child (primiparous pregnancies), whose pregnancy was C37 gestational weeks (data were available for all subjects) and who were younger than age 41 at the date of birth of their first child. The file was linked with the Swedish Cancer Registry to retrieve information on cancer occurrence. Women with in situ breast cancer or any invasive cancer diagnosis (with the exception of nonmelanoma skin cancer) prior to their first FTP were excluded. A total of 315 potentially eligible cases were identified, of which 58 (18%) were included in our previous report. About 291 (92%) of the eligible cases had an available blood sample and were included in the current study.
For each case, potential controls were selected at random among cohort members alive and free of in situ breast cancer or any invasive cancer (with the exception of nonmelanoma skin cancer) at the time of diagnosis of the case and matching the case on age at blood sampling (±6 months) and date of blood sampling (±3 months). Lists of up to 14 potential controls were drawn for each case. New controls were selected for the cases included in our initial report to satisfy the more stringent selection protocol applied in the current study. For each case and four of her potential controls, a full copy of the maternity and delivery records was requested from one of the 10 hospitals in the region. If the medical record of a subject was not found in the local hospital according to the registered place of residence, requests were sent to one or two of the nearest hospitals. Of the requested 1,504 records (291 cases and 1,213 controls), 1,359 (90%) were obtained (for 257 cases and 1,102 controls). Records were first abstracted on the information necessary to establish the gestational age at blood donation-date of blood drawing and date of last menstrual period. If information on time at blood draw was missing, or gestational age at blood draw was exceeding day 120, or there was no biological specimen available for analysis (controls only), the subject was considered ineligible for the study (6 cases and 120 controls). If available, two controls fulfilling the eligibility and matching criteria were selected for each case (1:2 matching). If there were no eligible controls for a given case among the first four subjects identified as potential controls, the records of four additional potential control subjects were requested (necessary for 14 cases). Among eligible subjects, for those belonging to a matched set with a case and at least one control, the remainder of the information from the medical record was abstracted, with duplicate entries for dates of sampling and last menstrual period. Additionally, 16 subjects (four cases) were excluded because of hormone treatment during index pregnancy and three cases for whom no eligible control could be identified. In total, 244 cases and 453 controls were included in the study.
Smoking during pregnancy has been shown to influence hormone levels and could also be related to subsequent risk of maternal breast cancer. To ensure that the information on smoking corresponded to the date of blood collection and to ascertain the quality of medical records data on maternal smoking, a cotinine measurement was conducted.
Laboratory analysis
Technicians who were unaware of the case-control status of the specimens performed the IGF-I and cotinine measurements in the laboratory of Clinical Chemistry, University Hospital of Umeå. Individually matched case and control serum samples were always included in the same batch. To control the quality of the measurements, a pool of serum was created at the beginning of the study and two aliquots, undistinguishable from the case-control samples, were randomly inserted within each batch. IGF-I was quantified by immunometric and cotinine by solid-phase competitive chemiluminescence assays on an Immulite 2000 Siemens analyzer. According to manufacturer instructions, women with serum cotinine levels equal or greater than 25 ng/mL were considered smokers. The intraand inter-batch coefficients of variation estimated from analyses of laboratory controls with 74 ng/mL IGF-I were 4.3 and 5.6%, respectively. The respective numbers based on the blinded quality control specimens were 10.9 and 3.9%. The intra-and inter-batch coefficients of variation for the cotinine analyses were 5.5 and 9.9% at a concentration of 18 ng/mL and 5.6 and 8.5% at a concentration of 60 ng/mL, respectively.
Statistical analysis IGF-I levels are relatively constant during early pregnancy [6, 7] , and in our data there was only a weak inverse association of IGF-I with gestational day (r = -0.14, P = 0.0002). Ideally, optimal control for hormonal variations with gestational age can be achieved by matching on this factor. However, exact matching would have imposed unwarranted constraints for control selection and would have not been feasible even in a much larger cohort with gestational age data available on file. To account for hormone variation with gestational day at blood donation, we applied the statistical approach initially described by Richardson et al. [8] . In brief, the mean curve of IGF-I variation during pregnancy was estimated on the basis of all available IGF-I data using local linear regression [9] , a nonparametric smoothing technique that employs weighted regression and uses varying subsets of the data to estimate the curve at each point (Fig. 1 here) . Prior to analysis, original IGF-I levels were natural log-transformed to limit heteroscedasticity. Concentrations for each woman were characterized as the difference (residual) between her assay value and the estimated mean IGF-I value determined for the day of gestation on which the blood sample was donated. In the remainder of this paper, the term 'IGF-I concentrations' refers to residuals of IGF-I. No outliers, defined as IGF-I concentrations exceeding 3 times the interquartile range, were identified.
Mean IGF-I concentrations by case-control status or other characteristics of interest were compared by mixed- effects regression models. Pearson correlation coefficients were used to relate IGF-I concentrations to maternal and child characteristics of interest (e.g., age, height, weight). Kappa statistics was computed to compare maternal smoking at baseline as reported by the mother and according to cotinine concentrations.
The conditional logistic regression model, which is appropriate for matched data, was used to calculate odds ratios (ORs) and corresponding 95% confidence intervals (CIs) associated with increasing IGF-I concentrations. Subjects were classified in tertiles using the frequency distribution of the controls. Tests for trend were computed by treating the IGF-I tertiles as an ordered categorical variable. Likelihood ratio tests were used to assess statistical significance. Additionally, analyses with IGF-I on the continuous scale were also performed. IGF-I-breast cancer associations were explored within strata of age at blood sampling (by median and \age 25, 25-30, C30), age at cancer diagnosis (by median), as well as by lag time (by median and less or C15 years). Tests of heterogeneity between the ORs in different subgroups were based on chi-square statistics, calculated as the deviations of logistic regression coefficients observed in each of the subgroups, relative to the overall regression coefficient [10] . Potential confounders considered were maternal height, weight, smoking at blood donation (based separately on cotinine concentrations and questionnaire information), baby's height, weight, gender, placental weight, or parity by index date (cancer diagnosis). To be included in the final models, a potential confounder had to alter point estimates by 10% or more. All tests of statistical significance were two-sided and considered significant if the p-values were \0.05. SAS version 9.1 (SAS Institute, Inc.) was used for the analyses.
The study was approved annually by the Ethics Committees of the University of Umeå and New York University School of Medicine.
Results
Descriptive characteristics of the study population are presented in Table 1 . Mean age at sampling was 27 years for both cases and controls. For the majority of study subjects (81%), blood was drawn between the 8th and the 14th gestational week. Mean gestational day was 70.7 days for cases and 70.2 days for controls. Mean age at diagnosis was 45.6 years (range 25.5-63.8 years), 76% of the cases being diagnosed before age 50. Mean lag time between blood donation and cancer diagnosis was 18.6 years (range 2.7-30.5 years). On average, cases had fewer children by index date than controls (2.0 vs. 2.2, P \ 0.05), but all other maternal and child characteristics studied were similar in both groups. IGF-I concentrations were inversely correlated with maternal age (r = -0.11, P \ 0.001), but no other significant correlations/subgroup differences of IGF-I with maternal or child characteristics were observed. A Kappa statistic of 0.84 indicated an excellent correspondence between smoking reported in the medical record and as assessed by cotinine measurement in maternal blood.
IGF-I concentrations were higher in cases than in controls (0.04 vs. -0.02, P \ 0.03, corresponding to IGF-I concentrations centered at gestational day 70 of 140.6 and 133.0 ng/mL, respectively). Table 2 results from conditional logistic regression analyses. Overall, breast cancer risk significantly increased with elevated IGF-I concentrations, with women in the top tertile of IGF-I concentrations having 73% higher risk than women with IGF-I in the bottom tertile. Analyses excluding cases included in our initial report (n = 58) showed very similar risk estimates: OR = 1.21 for the second vs. lowest tertile, 95% CI: 0.75-1.93; and OR = 1.60 for the top vs. lowest tertile, 95% CI: 1.00-2.57, P \ 0.05. None of the potential confounders considered altered risk estimates substantially (all \8% change) and were not included in the final models. Subgroup analyses did not indicate statistical heterogeneity of the association by age at sampling, age at diagnosis and lag time to cancer diagnosis. Nevertheless, somewhat stronger associations with risk were observed in women below the median age at sampling (26.5 years): OR = 2.03 for top versus lowest tertile; 95% CI: 1.13-3.64, P = 0.017 versus OR = 1.34 for top versus lowest tertile; 95% CI: 0.74-2.41 in the older subgroup. More detailed analyses in age subgroups showed that elevated IGF-I is associated with increased risk of breast cancer in women either younger than 25 or age 30 and older at blood donation, but not in those age 25-30 at blood donation (Table 2) . Analyses by median age at diagnosis indicated a slightly stronger effect in women with relatively early diagnosis of breast cancer (Table 2) . Analyses by predefined categories of lag time showed a stronger effect in women diagnosed relatively soon after blood donation (\15 years) versus those diagnosed 15 years or later. The estimates were particularly high for women diagnosed within 10 years of blood donation, but number of such cases was very small (n = 25, data not shown).
Sensitivity analyses limited to subjects with gestational age\98 days (strictly first trimester) or on original scale of IGF-I concentrations yielded similar or higher risk estimates to those in the whole study (data not shown).
Discussion
The current study confirms our previous observation that elevated IGF-I during early pregnancy is associated with increased risk of maternal breast cancer in a population of women who donated a blood sample during their first pregnancy that ended with childbirth. Women with IGF-I concentrations in the top tertile had 73% higher risk in comparison with women with IGF-I in the bottom tertile. A number of epidemiological studies in nonpregnant women have also shown a direct association of breast cancer with IGF-I [2] , believed to be mediated by the strong mitogenic and antiapoptotic effects of the hormone on both normal breast epithelial and tumor cells [11] . The major strengths of this study are its prospective design, important to minimize reverse-causation bias, and the inclusion of a fairly large number of very young women, typically not enrolled in most on-going cohorts. A unique feature of the current investigation is that it included only women who donated blood during the first part of the full-term pregnancy ending with the birth of their first child, and thus allowed to explore the effect of IGF-I exposure prior to maturation and differentiation of the glands induced by a pregnancy completed to term. Cases and controls were tightly matched for age and date at blood donation, and detailed data on additional important covariates were obtained through linkages with the high quality national Swedish registries and by retrieval of individual medical records following a standardized procedure. Thus, we were able to fully account for the effect of parity, age at first pregnancy, and pregnancy duration on study results. The high quality and reliability of the retrieved information was confirmed by the excellent correspondence between recorded data on maternal smoking and cotinine measurements in serum.
Study limitations include the long-term storage of the serum specimens at relatively high temperature (-20°C), and the change in protocol for sample preservation that affected the quality of the hormonal measurements and led to the exclusion of potentially eligible cases, who donated blood after January 1, 1988. However, in samples donated before 1988, storage time was not associated with IGF-I concentrations (r = -0.04). Mean IGF-I concentrations of the 58 cases, part of our previous report [1] , which were measured by a different radio-immuno assay, were very similar (140.6 vs. 136.6 lg/L, P = 0.53). As per study design, the vast majority of the cases (76%) were diagnosed before age 50, thus our findings concern mostly breast cancer occurring before menopause. It is known that the prevalence of important characteristics of breast cancer (e.g., estrogen, progesterone, or HER2 receptor expression) and risk factors, including pregnancy, differ by age (menopausal status) at diagnosis [12, 13] . Finally, a fair amount of subgroup analyses were conducted and these results should be considered merely as explorative.
The importance of IGF-signaling in mammary gland development has been clearly demonstrated in a wealth of experimental work, showing that normal development of the gland during puberty is possible only in the combined presence of IGF-I and estradiol [14] [15] [16] [17] . IGF-I stimulates directly the development of terminal end buds (the undifferentiated structural elements that represent the active growth centers of mammary parenchyma), ductal growth and branching [16, 18] . The role of IGF-I during pregnancy is less studied, although IGF-I has been shown to be essential for the initial lobular-alveolar changes in the glands and for the posttranscriptional regulation of milk protein expression during alveolar development [16, 17] .
In contrast to the increase in circulating levels and the shift of IGF-I regulation to placental growth hormone during the second half of pregnancy, in the nonpregnant state and during the first trimester of pregnancy, IGF-I concentrations are largely similar [6, 7, 19] and under the tight control of pituitary growth hormone [20, 21] . Thus, the observed increase in risk of breast cancer with elevated IGF-I in our study could also reflect prepregnancy exposure to high concentrations of the hormone. A direct association of breast cancer with elevated IGF-I in this population of young women, who have not yet experienced a child birth, and particularly in those below age 25 is in line with the hypothesis postulating that immature glands, which have not undergone a differentiation cycle associated with completion of a pregnancy, are most vulnerable to the mitogenic and antiapoptotic hormonal effects. This parallels observations of stronger adverse effect of radiation before age 20-25 than later in life [22, 23] or of the greater potency of carcinogens to induce tumors in young versus age matched-parous or older animals [24, 25] . The well-established association of breast cancer risk with height, a correlate of GH/IGF-I exposure during puberty, is also believed to be largely mediated by IGF-I and to reflect effects of the hormone on the still undifferentiated breast [4] .
In this study, we also observed a somewhat stronger effect of IGF-I in women with early diagnosis, with relatively short lag time between blood donation and cancer manifestation, and, in women above age 30 at sampling, although none of the heterogeneity tests approached statistical significance. Still, such risk pattern is reminiscent of the so-called transient increase in risk following a childbirth, which in uniparous women peaks about 5-7 years after pregnancy and trails for at least 10-15 years after childbirth [26] . One of the major mechanisms believed to underlie the transient increase in breast cancer is the massive hormonal exposure during pregnancy that would stimulate the growth and progression of cells that have undergone early stages of malignant transformation to overt cancers [27] . IGF-I involvement in the 'transient increase in risk' is plausible, given its strong mitogenic and antiapoptotic effects. In addition, experiments with IGFtransgenic mice have shown that IGF-I induced decrease in apoptosis interferes in the normal postpartum remodeling of the gland [28, 29] . Increased IGF-I signaling during breast involution, a process associated with activation of pro-inflammatory and wound healing mechanisms [30] , may facilitate tumor cell dissemination and also could influence risk of developing breast cancer.
In summary, the results of this study add further evidence for an adverse effect of elevated IGF-I concentrations during early reproductive life on risk of breast cancer. Further research into the role of IGF-I on breast development and maturation during pregnancy and in postpartum involution of the glands in humans is of interest.
